The effect of auditory fatigue on reaction time in normal hearing listeners at different signal to noise ratios by Athey, Haley
James Madison University
JMU Scholarly Commons
Dissertations The Graduate School
Spring 2016
The effect of auditory fatigue on reaction time in
normal hearing listeners at different signal to noise
ratios
Haley Athey
James Madison University
Follow this and additional works at: https://commons.lib.jmu.edu/diss201019
Part of the Speech Pathology and Audiology Commons
This Dissertation is brought to you for free and open access by the The Graduate School at JMU Scholarly Commons. It has been accepted for inclusion
in Dissertations by an authorized administrator of JMU Scholarly Commons. For more information, please contact dc_admin@jmu.edu.
Recommended Citation
Athey, Haley, "The effect of auditory fatigue on reaction time in normal hearing listeners at different signal to noise ratios" (2016).
Dissertations. 108.
https://commons.lib.jmu.edu/diss201019/108
 
 
 
The Effect of Auditory Fatigue on Reaction Time in Normal Hearing Listeners at 
Different Signal to Noise Ratios 
 
Haley Ann Athey 
 
 
 
A dissertation submitted to the Graduate Faculty of 
 
JAMES MADISON UNIVERSITY 
 
In 
 
Partial Fulfillment of the Requirements 
 
for the degree of 
 
Doctor of Audiology 
 
 
 
Communication Sciences and Disorders 
 
 
May 2016 
 
FACULTY COMMITTEE: 
 
Committee Chair: 
Ayasakanta Rout Ph.D.   
 
Committee Members/ Readers: 
Brenda Ryals, Ph.D 
Christopher Clinard, Ph.D. 
  
 
 
ii 
 
ACKNOWLEDGMENTS 
 First and foremost, I would like to thank my advisor, Dr. Ayasakanta Rout, for his 
guidance, diligence, and encouragement throughout searching for a dissertation project, 
designing the study, data collection, and the writing process. To my committee members 
Drs. Christopher Clinard and Brenda Ryals, thank you for your continuous support and 
guidance. This dissertation would not have been successful without their continuous 
dedication and insight.  
 I would also like to thank my family, friends, and classmates whose positivity and 
support has been exceptional during these four years, thank you. My success in this 
program and this project would not have been possible without their unwavering 
motivation. 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
TABLE OF CONTENTS 
 
Acknowledgments .............................................................................................................. ii 
Table of Contents ............................................................................................................... iii 
List of Figures ......................................................................................................................v 
Abstract .............................................................................................................................. vi 
Chapter I: Introduction  ........................................................................................................1 
Chapter II: Literature review ...............................................................................................7 
Chapter III: Methods  .........................................................................................................16 
Chapter IV: Results  ...........................................................................................................21 
Chapter V: Discussion .......................................................................................................26 
Effectiveness of listening fatigue on reaction time ................................................26 
Listening effort versus listening fatigue ................................................................27 
Effectiveness of the fatigue inducing condition .....................................................28 
Subjective rating of listening fatigue .....................................................................29 
Limitations  ............................................................................................................31 
Appendix A: List of nonsense syllables used as stimuli in this study  ..............................32 
Appendix B: Raw data at +5 SNR pre fatigue ...................................................................33 
Appendix C: Raw data at +5 SNR post fatigue .................................................................35 
Appendix D: Raw data at +10 SNR pre fatigue .................................................................37 
 
 
iv 
 
Appendix E: Raw data at +10 SNR post fatigue................................................................39 
Appendix F: Subjective rating raw data .............................................................................41 
References ..........................................................................................................................42 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v 
 
 
 
LIST OF FIGURES 
 
Figure 1.  Flow-chart of the test procedure……………...……………….….…...…….17 
Figure 2. Equipment set up…………………………….……………….……...…..…..18 
Figure 3.  Mean reaction time (msec) before and after exposure to the fatigue inducing 
listening task …………………...………………………………….……….....21 
Figure 4: Comparison between mean pre- and post-test listening fatigue. …...………22 
Figure 5. Scatterplot of the relationship between the reported fatigue and the corresponding 
change in reaction time at +5 dB SNR ...……………..………23 
Figure 6. Scatterplot of the relationship between the reported fatigue and the corresponding 
change in reaction time at +10 dB SNR....………………....…23 
 
Figure 7. Reaction times before and after listening fatigue for stimuli with final consonants 
and initial consonants …………….……………….………..…..…25 
Figure 8. . Illustration of listening effort versus listening fatigue using figure 3……....26 
  
 
 
vi 
 
ABSTRACT 
 This study examined the effect of listening fatigue on the reaction time of young, 
normal hearing listeners at +5 and +10 dB signal to noise ratio. Reaction time was 
measured in a single task paradigm on twenty listeners (ages 19-30 years) before and 
after a fatigue-inducing listening task. The participants also completed a subjective rating 
questionnaire at the two intervals. Results indicated that there was no significant 
difference between the reaction times before and after listening fatigue. However, for a 
subgroup of stimuli (nonsense syllables ending with consonants) the reaction time was 52 
msec longer after listening fatigue. The participants also rated significantly higher level 
of fatigue on the rating scale after being exposed to the listening task. Additionally, the 
reaction time for +5 dB signal-to-noise ratio was significantly longer than the reaction 
time for +10 dB. Findings from this study demonstrated that using a single-task reaction 
time measure, it is possible to evaluate the effect of listening effort (e.g. identifying 
speech stimuli at increasing difficult signal to noise ratios), but not for evaluating the 
effect of listening fatigue.  
 
 
 
 
  
 
 
 
Chapter I 
INTRODUCTION 
Individuals with hearing loss often exert more cognitive effort as they strain to 
understand speech in various auditory environments through an impaired and degraded 
auditory system (Pichora-Fuller and Singh, 2006; Rabbitt, 1991; Rakerd et al., 1996). A 
commonly reported consequence of the prolonged strain is listening fatigue at the end of 
the day. Older adults with even a mild to moderate hearing loss can suffer from decreased 
speech understanding due to changes in the peripheral auditory system affecting higher 
level cortical speech processing networks (Peele, Troiani, Grossman, & Wingfield, 
2011). Hearing impaired individuals are forced to allocate and broaden more cognitive 
resources to understand speech because of sensory declines in their auditory system. The 
re-allocation process of cognitive resources to the auditory system has been attributed to 
the demands from the auditory system and the cognitive ability (Peelle et al, 2011).  
 The literature on listening effort and listening fatigue in hearing impaired 
listeners has vastly increased over the past ten years. It is important to define and 
understand the difference between the listening effort and listening fatigue as the terms 
can be confusing. Listening effort has been defined as “the mental exertion required to 
attend to, and understand, an auditory message” (McGarrigle et al, 2012). Listening 
fatigue has been defined as “extreme tiredness resulting from mental or physical 
exertion”, with auditory fatigue being “mental fatigue resulting from effortful listening” 
(McGarrigle et al, 2014). The description of listening fatigue has also been expanded to 
include “a mood- a feeling of tiredness, exhaustion or lack of energy due to cognitive or 
emotional, as opposed to physical, demand” (Bess and Hornsby, 2014).  One can think of 
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listening effort as the ‘process’ of trying to listen and comprehend all day while listening 
fatigue  is the ‘result’ of effortful listening. At a clinical level, there have been several 
anecdotal reports that hearing-impaired listeners complain of listening related fatigue 
(e.g. Hornsby and Kipp, 2015). 
It is proposed that advanced hearing aid technologies such as digital noise 
reduction (DNR) have the potential to reduce the overall listening effort expended during 
the day and hence result in reduced listening fatigue (e.g. Kalluri and Humes, 2012). 
Accordingly, several recent studies have attempted to evaluate listening effort by using 
subjective measures (e.g. Gatehouse and Noble, 2004; Hornsby, 2013), physiological 
measures (e.g. Zekveld et al., 2010), and behavioral measures such as reaction time (e.g. 
Sarampalis et al., 2009). The Sarampalis et al. (2009) paper was the first to show a 
significant effect of digital noise reduction in reducing listening effort (measured 
indirectly through reaction time). They employed a dual task paradigm to measure 
listening effort. In a dual-task paradigm, the listener performs a primary speech 
recognition task while engaging in a secondary task. It is assumed that there is a fixed 
limit to the global cognitive resources available to each person. By making the primary 
task more and more complex (e.g. worsening the signal to noise ratio), the dual task 
paradigm measures the effect on the secondary task performance. The secondary task 
could involve many different approaches such as visual tracking of a target, performing a 
mental arithmetic task, or testing the short term memory based on the primary task. 
Performance in the secondary task is usually measured through reaction time or accuracy 
(percent correct). Any improvement or decrease in the secondary task is interpreted as an 
indirect measure of listening effort. An alternate approach to reaction time measures is a 
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subjective self-report of listening effort or fatigue, as the case may be. But the subjective 
rating scales have inherent drawbacks in terms of built-in listener bias and a lack of 
internal consistency.  
One limitation of studies evaluating listening fatigue and the effects of digital 
noise reduction and other signal processing techniques is they seem to rely heavily on 
dual task paradigms as a technique to measure auditory fatigue. Dual task paradigms may 
not be the most valid way to measure listening fatigue. Often times dual task paradigms 
cannot isolate listening fatigue alone and involve other contributing factors to the 
equation. Dual task paradigms are set up to measure a primary task such as a speech in 
noise measure in conjunction with a secondary task such as a visual reaction time task. 
Often the second task in the dual task paradigms is very challenging, making it difficult 
to determine if the task is solely measuring reaction time or if the secondary task is 
contaminating the results. In a 2002 study, Hicks and Tharpe concluded that a dual task 
paradigm leads to inaccurate results if the participant stops allocating cognitive resources 
to the primary tasks and focuses more on the secondary task. Dual task paradigms may 
create inaccurate results in trying to measure listening fatigue and cause more variability 
in how researchers create paradigms to measure listening fatigue. Houben et al. (2013) 
showed that a single task reaction time test can be effective in measuring the changes in 
listening effort. As the signal to noise ratio of the stimuli became more difficult, the 
listeners’ reaction times became longer at the most difficult signal to noise ratio (- 6 dB). 
This data is comparable to Sarampalis et al. (2009) where the reaction time was shown to 
be shorter (i.e. better) with digital noise reduction only when listening at -6 dB signal to 
noise ratio. This raises an important question: is the change in reaction time because of 
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the change in listening effort or it is because of change in audibility. For example, the 
listener could find it difficult to understand the speech stimulus at – 6 dB and hence, take 
a longer time responding to the stimulus.  
The above mentioned indirect measure of listening effort is inferred as an 
indicator of overall listening fatigue. It is thus not surprising that the literature on dual 
task paradigms remain somewhat inconclusive about their usefulness as a sensitive 
measure of listening effort or fatigue. For example, Desjardins (2016) and Desjardins and 
Doherty (2014) reported opposite results regarding the use of reaction times to evaluate 
listening effort in digital noise reduction. Since the ultimate goal is to quantify listening 
fatigue in hearing aid users, it behooves a need to evaluate the applicability of reaction 
time measures in subjects before and after a controlled fatigue inducing listening task.  
Hulvey (2015) designed a study to understand the effect of listening fatigue using 
a single task reaction time test. Twenty young, normal-hearing listeners were asked to 
engage in a 30-minute effortful listening task at -2 dB signal to noise ratio. Reaction time 
to random nonsense syllables presented in quiet was measured before and after the 
effortful listening task. The subjects also completed a short five-item subjective 
questionnaire about their level of listening fatigue before and after the effortful listening. 
Hulvey’s results indicated that exposing young, normal hearing  listeners to 30 
minutes of continuous discourse at -2 dB signal to noise ratio did not result in a change in 
reaction times. However, upon further analysis, Hulvey (2015) reported that one subset of 
stimuli, nonsense syllables with initial consonants, resulted in slight increase in reaction 
time after the effortful listening task. There was no overall difference between pre and 
post reaction times. This could be due to several factors.  The reaction time task used in 
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this study may not be an accurate measure of listening effort or the 30 minutes of 
effortful listening may not have been enough to cause fatigue. The subjective listening 
effort questionnaire showed that subjects reported higher level of fatigue after the post-
test than the baseline.  
Based on the results of Hulvey’s study several questions need to be answered. 
Was the 30 minute listening task in an adverse SNR condition fatiguing enough? Could a 
whole day of noise exposure induce a change in reaction time? This could be tested by 
exposing subjects to longer durations of listening, however this may not be feasible. 
Alternatively we can test construction workers before and after their shifts. This study 
would require too much to control for such as how much noise are they exposed to, do 
they wear hearing protection at work, and exposure to loud noise may cause temporary 
hearing threshold shift.  
One question which may lend itself to further study in the influence of stimulus 
type. Hulvey (2015) only tested subjects with nonsense syllables in quiet. It is possible 
that most subjects in that study (young, normal-hearing) found the stimuli to be too easy 
and hence the effect of listening fatigue was not noticed in the reaction time 
measurements. Sarampalis et al. (2009) and Houben et al. (2013) reported changes in 
reaction time at extremely difficult signal to noise ratios such as -6 dB. Therefore, this 
study was undertaken as an extension of Hulvey (2015) that would test subjects at 
different signal to noise ratios. Pilot subjects were tested at -6 dB SNR using the same 
nonsense syllables Hulvey used. But due to the short duration and random presentation 
without any carrier phrase, it was extremely difficult for the pilot subjects to get a score 
at chance level. Two trained listeners with experience in clinical speech audiometric 
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testing were asked to provide feedback on appropriate signal to noise ratios. Based on 
their feedback +5 and +10 dB were selected as the two signal to noise ratios for this 
study. 
Research Questions 
As a follow up to Hulvey (2015), this study examines the effect of short-term listening 
fatigue. The following research questions are being posed in his study: 
1. Is the reaction time to identify nonsense syllables in noise longer after normal 
hearing subjects are engaged in an effortful listening task? 
2. Do the same subjects report a higher level of listening fatigue on a subjective 
rating scale? 
Hypothesis 
Based on the above questions the following null hypotheses are being put to test in this 
study: 
1. There will be no significant difference in the measured reaction time between post 
and pre fatigue measures at both signal to noise ratios. 
2. There will be no significant difference between the self-reported level of listening 
fatigue before and after the fatigue inducing listening.  
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Chapter 2 
LITERATURE REVIEW 
 
It is important to study listening effort and listening fatigue to advance hearing aid 
technology, and to help hearing impaired individuals use less cognitive strain each day. 
In addition to adults with hearing loss reporting listening fatigue, evidence from 
clinicians, teachers, and parents indicate that children with hearing loss experience 
fatigue. An increase of listening effort caused by poor signal to noise ratios in classrooms 
can reduce academic performance in children with hearing loss (Bess and Hornsby, 
2014).  
Hearing impaired individuals are often fit with hearing aids as the primary 
treatment and aural rehabilitation option for hearing loss. There is growing evidence 
supporting the relationship of successful hearing aid users’ with the amount of cognitive 
capacity they contain. An individual’s cognitive ability to store and process information 
and successful listening comprehension is associated with current digital hearing aids 
which offer advanced signal processing. Sharp cognitive skills could be an asset for 
hearing impaired individuals showing any benefit from advanced hearing aid signal 
processing technology. Listening involves decoding auditory input by matching it with 
representations stored in long term memory and then encoding into working memory. 
Working memory is used to store information for a short period and quick processing. In 
ideal conditions, this processing occurs automatically and rapidly. However if the input 
signal is distorted or the person processing the information has hearing loss, processing 
becomes more effortful, fragmented information may be stored in working memory and 
the signal may be more difficult to sort out (Rudner and Lunner, 2013).  
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Auditory communication involves active listening and requires listening to, and 
selecting relevant information with attention and effort. Then comprehending the 
selecting information from contextual clues and available knowledge and then acting on 
the information or storing the information into memory (Kalluri and Humes, 2012). There 
is evidence to support speech understanding in the presence of noise is related to 
cognitive processing and working memory capacity. Working memory capacity steadily 
declines in adulthood. Elderly patients have limited memory capacity and declines in 
cognitive processing. Increases in amplification gain and improved signal to noise ratios 
may not be enough help for these patients (Kalluri and Humes, 2012). Digital hearing 
aids with advanced signal processing techniques are designed to help hearing impaired 
individuals however may be adding amplification to an already distorted auditory system. 
Taking into account a measure of cognitive capacity in a tool such as reading span could 
help determine the efficacy of signal processing and may be a good predictor of hearing 
aid benefit (Rudner & Lunner, 2013).  
Advanced signal processing techniques using digital noise reduction (DNR) and 
directional microphones in today’s digital hearing aids attempt to increase audibility for 
hearing impaired listeners and to relieve cognitive strain from effortful listening. Digital 
noise reduction in hearing aids is designed to analyze the listening environment and 
either categorize the sound as noise or as a signal. If the environment is determined to be 
noise, the gain of the hearing aid will automatically be reduced using modulation 
detection algorithms or filtering. If the hearing aid detects a signal, then the gain of the 
hearing aid setting will not change. There is growing evidence digital noise reduction 
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algorithms aim to help improve the signal to noise ratio in noisy listening environments, 
however studies have been variable.  
 The evidence supporting the effectiveness of DNR is variable. McCreery, 
Benediktov, Coleman, and Leech in 2012 performed a systematic review studying the 
objective evidence of DNR in children with hearing loss. They found no significant 
impact of DNR in children with hearing loss. Stelmachoeiwz et al. (2010) studied if DNR 
techniques degrade the speech signal in children who use hearing aids. The researchers 
measured speech recognition with nonsense syllables, words, and sentences in 16 
children using spectral subtraction. The researchers found performance improved as a 
function of SNR. There was no significant difference for DNR on vs. off for the stimuli 
tested however there was no negative affect of DNR on perception of these stimuli 
(Stelmachowicz, 2010).  
 Recent research has suggested sensory declines in the auditory system can 
increase the amount of listening effort hearing impaired listeners use. With the increase in 
listening effort, hearing impaired individuals are forced to allocate and expand more 
cognitive resources to understand speech. Cognitive ability and the demand of the 
listening task is related the neural activity required to re-allocate these cognitive 
resources (Peele et al., 2011). Hearing impaired individuals become more fatigued at the 
end of the day because they have to expend more cognitive effort to maintain listening 
performance (Downs, 1982). It has been anecdotally reported by audiologist, school 
educators, and parents that children with hearing loss experience stress and fatigue. For 
children with hearing loss, they must focus cognitive resources to be allocated to the 
process of detecting, decoding, and processing speech, then they will have fewer 
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cognitive resources available to aid in listening and learning at school. Classrooms can 
have poor signal to noise ratios which, in result, can increase listening effort and can 
reduce academic performance in children with hearing loss (Bess and Hornsby, 2014). 
 
There are three ways to measure and attempt to assess listening effort and fatigue. 
Researchers use subjective measures, behavioral measures, and physiological measures, 
or a combination of any three. Subjective measures often include closed-set 
questionnaires or a rating scale. Self-reported measures are useful to provide insight into 
how the individual partaking in the study experiences effortful speech processing 
(McGarrigle et al, 2014, Bess and Hornsby, 2014). However, there are some limitations 
to self-reported measures. For example an individual’s idea of “effortful” may differ from 
subject to subject (McGarrigle et al, 2014). Behavioral measures of listening effort and 
fatigue are measured in a task in which the subject sustains their attention for a prolonged 
period of time. Behavioral measures can include single-task and multi-task (or dual-task) 
paradigms. Subjects respond to various stimuli, which could include a speech 
intelligibility task, reaction time task with a response pad, or a word recall task. 
Physiological measures of listening effort and listening fatigue include functional 
magnetic resonance imaging (fMRI), electroencephalography (EEG), and event –related 
potentials (ERPs), these are more central nervous system activities. Autonomic nervous 
system activity has been examined for listening effort changes and these include skin 
conductance and pupil dilation. Researchers often use a combination of subjective ratings 
and behavioral measures or behavioral and physiological measures to evaluate if there is 
a correlation (McGarrigle et al, 2014).  
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 Researchers often use dual task paradigms to measure listening effort and 
auditory fatigue. Recent research suggests DNR may reduce the effects of auditory 
fatigue in hearing impaired listeners. Sarampalis, Kalluri, Edwards, and Hafter (2009) 
designed a study to measure listening effort by looking at the effects of background noise 
on digital noise reduction techniques. The researchers hypothesized noise reduction does 
not improve speech intelligibility, noise reduction techniques may reduce listening effort 
by lightening the cognitive load of the listener. The researchers designed two separate 
experiments to measure cognitive demands of the listener by using a dual task paradigm. 
In the first experiment, normal hearing listeners listened to sentences in noise and 
repeated the last word in each sentence. After 8 sentences, a visual cue prompted the 
listener to recall as many words as they remembered. The sentences in noise were 
processed with a noise reduction algorithm or were not processed at all. Since noise 
reduction does not improve speech intelligibility, the number or words correct was better 
without the processed noise. Recall performance was significantly better with the 
processed noise. In the second experiment, normal hearing listeners, listened to sentences 
in noise with different SNRs. The sentences were either processed with a noise reduction 
algorithm or were left unprocessed and the sentences were using four talker babble at -6, 
-2, or +2 dB SNR. Subjects were given a visual cue at random intervals throughout the 
experiment; the visual cue was to prompt the subjects to press a button on the keyboard. 
Accuracy and reaction time were measured for each trial. It was found that speech 
intelligibility showed no effect of noise reduction. Reaction time at the -6dB SNR 
condition was better (faster) with the noise reduction. Results from both dual task 
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paradigm studies supports the idea that noise reduction algorithms reduces listening effort 
and frees up cognitive resources (Sarampalis, Kalluri, Edwards, & Hafter, 2009).  
 Hornsby (2013) used subjective and objective measures to study the effects of 
hearing aids features, omnidirectional microphones, directional microphones, and digital 
noise reduction settings listening effort and mental fatigue in adults with sensorineural 
hearing loss. Sixteen adults with mild to severe hearing loss participated in the study. The 
study used a dual task paradigm to assess word recognition, word recall and visual 
reaction times. Subjects also completed a subjective questionnaire before and after the 
dual task paradigm. Out of all the tasks, word recall was better and reaction times were 
significantly faster in the aided condition compared to the unaided condition. The 
subjective ratings of fatigue and attentiveness increased after completion of the dual task 
however there was no significant difference observed in the aided and unaided 
conditions. Results from the subjective and objectives measures indicate that in 
individuals with hearing loss, sustained speech-processing demands can lead to mental 
fatigue. It is suggested that digital features in advanced hearing aids such as noise 
reduction algorithms, and directional microphones lighten the cognitive load of the 
hearing impaired listener in return decreasing auditory fatigue (Hornsby 2013).  
 Hicks and Tharpe, 2002, designed a dual task paradigm to measure listening effort 
and fatigue in children with mild to moderate hearing loss. The data collected from the 
children with hearing loss was compared to their age-related peers in two separate 
experiments. The first experiment, the researchers measured stress and fatigue using 
cortisol levels as a physiologic measure. The researchers did not find any significant 
findings. The second experiment was designed as a dual task paradigm which required 
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children to repeat words in noise at varying signal to noise ratios (quiet, +10, +15, and 
+20 dB SNR) as the primary task. The children also had to respond to a visual reaction 
time task using a LED light and a response pad, this was considered the secondary task. 
The researchers found that the children with hearing loss had significantly longer reaction 
times in the dual task paradigm experiment than children with normal hearing. The 
children also had reported subjective self-ratings of fatigue; these subjective ratings were 
not found to be significant (Hicks & Tharpe, 2002).  
Pals, Sarampalis, van Rijn, and Baskent, 2015, designed a study to compare two 
response time measures of listening effort combined with a clinical speech test to have a 
larger picture of total listening experience. The first task involved a verbal response to an 
auditory stimuli (RT aud), and the second task was a dual task paradigm and included a 
response time to a visual task (RT vis). The speech intelligibility task was either 
performed by itself (RTaud) or simultaneously with a secondary visual rhyme-judgement 
task to provide visual response times (RTvis). Since listening effort can vary depending on 
the noise type, the subjects listened to sentences in quiet, in two different type of noise, 
each at two different intelligibility levels. Listening effort and intelligibility were 
analyzed separately. The study found the single task RTaud showed a significant 
difference between the two intelligibility levels while the dual task RTvis did not. The 
researchers suggest the single-task RTaud could be a useful clinical tool to measure 
listening effort and could be used on a wide range of patients from children to the elderly 
(Pals et al., 2015) 
 Single-task paradigms can be used to measure reaction time by having 
participants respond to stimuli either by a verbal response or pressing a response pad. In 
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measuring the benefit from hearing aids for individuals with hearing loss, speech in noise 
tasks are often used. Research suggests the speed of a correct response can provide more 
information about listening effort associated with speech perception (Gatehouse & 
Gordon, 1990; Houben et al., 2013). Houben et al. (2013) designed a study for normal 
hearing listeners to identify digits in the presence of background noise. The study 
presented the digits to normal hearing listeners at varying degrees of signal to noise 
ratios. Response times were found to be slower at the more challenging SNRs.  
 Listening fatigue studies that evaluate the effects of digital noise reduction and 
other signal processing techniques of hearing aids rely heavily on dual task paradigm 
measures as a way to measure auditory fatigue. Dual task paradigms are useful tools to 
look at the challenges listeners face in everyday settings, and for analyzing the increased 
listening effort has on cognition.  One drawback of dual task paradigm studies is that they 
do not account for how individuals cope with demanding listening situations and can 
result in differences in the total amount of resources allocated to the primary listening 
task. Dual-task measures reflect the amount of allocated resources needed for the primary 
task. If a dual task study is very difficult, more demand is placed on the individual 
resulting in allocating more resources to the combination of tasks and not specifically to 
the primary task. The dual task paradigm measures use speech in noise as a primary task 
and typically a visual reaction time task as the secondary measure. Dual task paradigms 
can often times be influenced by the complexity of the second task, making it difficult to 
sparse out if the study is specifically measuring auditory fatigue or if the study is looking 
at a multitude of aspects such as audibility of the speech and if poor audibility equates to 
poorer results. Researchers using dual task paradigms will often mention that the 
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paradigm will give inaccurate results if the individual stops allocating cognitive resources 
to the primary task and starts allocating resources to both tasks at hand (Hicks and 
Tharpe, 2002; Pals et al., 2015).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter III 
METHODS 
Twenty young adults (3 M, 17 F), 19 to 30 years of age (mean = 22.8) with 
normal hearing sensitivity participated in this study. The majority of participants were 
students at James Madison University. The subjects were recruited by word of mouth and 
mass email to the James Madison University community. Subjects were included in the 
study if they had normal hearing thresholds, no reported diagnosis of ADHD spectrum, 
no reported consumption of strong medication or alcohol, and no middle ear pathology. 
All subjects underwent otoscopy, tympanometry, and a pure-tone hearing screening. All 
subjects had to pass hearing screening at 20 dB HL at 250Hz-8000Hz, and have type A 
tympanograms to be able to participate in the study. The subjects were scheduled for the 
morning between the hours of 8:00am-10:00am to assure they were attentive and were 
not fatigued from daily activities. Participants were advised to refrain from consuming 
caffeine the morning of the study as caffeine is considered a stimulant. The entire testing 
session lasted approximately ninety minutes. All testing took place in a 2 m x 2 m x 1.8 
m double-walled sound booth (Industrial Acoustic Corporation, Bronx, NY) in the James 
Madison University Hearing Aid Research Laboratory. The test protocol was approved 
by the James Madison University Institutional Review Board on Human Subjects (IRB 
approval number 15-0050).  
Stimuli and Instrumentation 
The study consisted of three parts: a pre-test, an effortful listening task, and a 
post-test. The pre-test and the post-test consisted of two measures. All participants 
17 
 
 
 
completed a reaction time test and a subjective rating questionnaire asking about fatigue. 
The reaction time test was set up by customizing the Super Lab 4.5 software on a 
dedicated personal computer with a 7-button Cedrus RB-730 response pad connected to 
the computer. The reaction test presented a series of eight sets of seven nonsense 
syllables (total 56 unique stimuli) in speech shaped background noise, at different signal-
to-noise ratios and the participants were asked to respond as fast as possible to the stimuli 
but also be as accurate as possible. The nonsense syllables with speech-shaped noise were 
preprocessed offline to generate the stimuli at +5 and +10 dB SNRs. There was 5 ms of 
noise placed before the onset of the nonsense syllable, then continued throughout the 
duration of the nonsense syllable and ended 5ms after the offset of the syllable. A 
commercially available sound editing software, Sony Sound Forge 9.0, was used to create 
the stimuli. 
The nonsense syllables either had consonants in the initial position and ended 
with a vowel (da, ba, vaa) or had the vowels in the initial position and ended with a 
consonant (ok, op, osh).  The reaction test was completed twice at different signal to 
noise ratios, +5 dB SNR and +10 dB SNR. The presentations of the SNR conditions were 
counterbalanced for participants. All participants were numbered 1-20. All of the odd 
numbered participants completed the +5 dB SNR task first then completed the +10 dB 
SNR task. All of the participants with an even number were assigned the +10 dB SNR 
task first, then the +5 dB SNR task. The SNRs were chosen to be at +5 dB SNR and 
+10dB SNR so the nonsense syllables are still audible.  
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Figure 1. Flow-chart of the test procedure. 
Participants were asked to complete the subjective rating questionnaire after 
completion of the reaction time test. The subjective rating questionnaire was taken from 
the International Telecommunications Union (ITU, 1996) and Hornsby (2013) and the 
questions were altered slightly to be more representative of our study. Participants were 
asked to rate each question on a scale of 1-5, (1=not fatigued, 5=extreme fatigued). The 
questions are presented below: 
1. Did you have to concentrate very much while listening to the syllables in 
noise? 
2. Did you have to put in a lot of effort to hear what was being said in the 
syllable task? 
3. Could you easily ignore other sounds when trying to listen to the noisy speech 
4. How well can you maintain your focus and attention right now? 
5. How mentally/physically drained are you right now? 
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Between the pre-test and the post-test the participants completed an effortful 
listening task. Participants listened to a connected speech at 70 dB SPL test with 
background noise at -2 dB SNR for thirty minutes. This SNR was determined by Hulvey 
et al., 2015 as a level that will possibly induce listening fatigue. The Connected Speech 
Test (CST) is spoken by a female talker and presented in background of eight-talker 
babble. The CST sentences are grammatically correct, meaningful, connected sentences. 
While listening to the CST the participants were asked to transcribe what topic the 
speaker was discussing so the participants would stay on task and focus on the speaker. 
Real ear measures using the Audio Scan RM 500 SL were used to verify each subject was 
listening to the CST at 70 dB SPL. This was measured by placing the probe microphone 
in the ear canal along with the iPod headphone. The participants adjusted the volume 
control while listening to the CST until an output of 70 dB SPL was measured in live 
speech mode.  There was no external stimuli, the probe microphone was used as a sound 
level meter to ensure the 70 dB SPL output.  
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Figure 2. Equipment set up; top panel- real ear measurements were taken with the iPod 
headphones; bottom panel – the reaction time task with the laptop and Cedrus response 
pad 
After the effortful listening task the participants completed the post-test, which 
included the reaction time test and the subjective questionnaire again. All participants had 
the opportunity to take breaks throughout the study but none of the subjects opted to take 
any breaks. 
 
 
      
 
 
 
 
 
 
 
Chapter IV 
RESULTS 
The raw reaction time scores were visually inspected and outliers were removed. 
For this purpose any reaction time greater than 2500ms was considered an outlier. After 
removing the outliers any extreme data points falling beyond +/- 2SD were excluded 
from statistical analysis.  A 2 x 2 repeated measures ANOVA was performed with signal 
to noise ratio and pre-post reaction times as within-subjects factor. Further analysis was 
performed comparing the subjective rating scale with the objective reaction time scores.  
Reaction times were measured for the +5 SNR condition and +10 SNR condition 
for all twenty subjects before and after the fatigue inducing listening task. The results 
indicated that the average reaction time for +5 SNR was 560ms (+/-SE=46.1) before and 
548ms (+/-SE=46.8) after the fatigue inducing condition. When the subjects listened at 
+10 SNR the mean reaction time before fatigue was 499ms (SE=39.4) and after fatiguing 
condition the mean reaction time was 504ms (SE= 48.6). The data was analyzed with a 
repeated measure ANOVA design in SPSS 23. Results indicated that the reaction time for 
+5 dB SNR was significantly longer than the reaction time for +10 dB SNR (f1, 19 = 13.1; 
p < .005). There were no other significant differences observed in the analysis. Difference 
between the reaction times for pre and post fatigue inducing task was found to be 
nonsignificant (f1,19 = 0.002; p > .05). Predictably, there was no interaction observed 
between the two SNRs and the pre-post tests. Mean and ±1 standard errors for the four 
conditions are displayed in figure 3. 
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Figure 3. Mean reaction time (msec) before and after exposure to the fatigue-inducing 
listening task. Error bars indicate ±1 SEM.   
Subjective rating of listening fatigue 
23 
 
 
 
After the reaction time task the subjects were given a short questionnaire to rate 
their level of fatigue and listening effort on the reaction time test. The questionnaire was 
administered before the fatigue inducing task and again after the fatigue inducing task. 
The questionnaire was used to assess if the subjects reported feeling more fatigued after 
the listening task. The difference between the reported fatigue was most noticeable for 
question 4 (How well can you maintain your focus and attention right now?) and question 
5 (How mentally/physically drained are you right now?). The subjects reported overall 
greater level of fatigue experienced by the participants after listening to 30 minutes of 
noisy speech. The ratings from the subjective questionnaire were compared through a 
nonparametric Wilcoxon Signed-Rank test, which revealed significantly higher reported 
fatigue after effortful listening (Z= -6.78, p<.005), which is displayed in figure 4. 
 
Figure 4. Comparison between mean pre- and post-test listening fatigue; the y- axis 
depicts the subjective rating of listening fatigue and the x-axis represents individual items 
on the questionnaire. Error bars represent 1 SEM.  
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Correlation between reaction time and subjective rating of fatigue  
The differences between the reaction times for each subject in the post and pre fatigue 
conditions were calculated. Similarly, the differences in mean fatigue ratings for each 
subject were also calculated. Figures 5 and 6 show the scatter plot of differences in 
subjective rating and reaction time at +5 dB SNR and +10 dB SNR, respectively. The 
difference was calculated by subtracting the mean reaction time before the fatigue 
inducing condition from the mean reaction time after the fatigue inducing condition. Each 
data point represents one subject. Negative differences indicate that the mean reaction 
time before the fatigue inducing condition was longer than the mean after the fatigue 
inducing condition. Similarly, the difference in subjective rating was calculated by 
subtracting the mean rating before the fatigue inducing condition from the mean rating 
after the fatigue inducing condition. A Pearson correlation test was performed to examine 
the correlation between the subjective and objective measures. At both signal to noise 
ratios there was modest positive correlation observed (R= 0.12 and 0.36, respectively), 
although they were not statistically significant (p>0.05).  
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Figure 5. Scatterplot of the relationship between the reported fatigue and the 
corresponding change in reaction time at +5 dB SNR.  
 
Figure 6. Scatter plot of the relationship between the reported fatigue and the 
corresponding change in reaction time at +10 dB SNR. 
 
 
 
Chapter V 
DISCUSSION 
Effectiveness of listening fatigue on reaction time  
The primary objective of this study was to assess the effect of listening fatigue on 
reaction time in a simple nonsense syllable identification task. Reaction time for 
randomly presented nonsense syllables was measured before and after the fatigue 
inducing task. The nonsense syllables were presented in the presence of background 
noise at +5dB SNR and +10dB SNR. It was attempted to induce listening fatigue by 
presenting thirty minutes of connected speech at -2 dB signal to noise ratio, and requiring 
the subjects to write down the main subject of each short story they were hearing for the 
entire duration of the task. The result was disappointing in that there was no significant 
difference between reaction time measured before and after the effortful listening task for 
either of the two signal to noise ratios.  This result is similar to the results reported by 
Hulvey (2015) who reported no overall effect of listening fatigue. However, a subset of 
stimuli (nonsense syllables with consonants at the initial position, e.g. da, ga, za) were 
found to result in a longer reaction time after exposure to listening fatigue. 
In this study, the opposite results were obtained. The subset of the nonsense 
syllables that ended with consonants (e.g. aab, aap, eek) resulted in longer reaction time 
after the listening fatigue. This could be due to the background noise making it more 
difficult to identify the consonants at the word final position. Often these speech sounds 
are of lower intensity compared to the vowels that precede them. Hence it is possible that 
the listeners in this study found it difficult to identify the final consonant syllables. Figure 
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7 shows the reaction times for both final consonant and initial consonant stimuli. The 
reaction time for final consonants was longer by at least 250 msecs. Previous research on 
listening effort demonstrates that the effect of increased listening effort can only be seen 
at the most challenging listening situations (Hornsby, 2013; Houben et al, 2013, 
Sarampalis et al., 2009). The more challenging stimuli in this study also resulted in 
longer reaction time by 53 msec for +10 SNR, and 62 msec for +5 SNR conditions. 
Similar range of prolonged reaction time has been reported by Sarampalis et al (2009) 
and Houben et al. (2013). 
 
Figure 7. Reaction times before and after listening fatigue for stimuli with final 
consonants (left panel) and initial consonants (right panel). The filled squares represent 
+10 SNR and diamonds represent +5 SNR. Error bars show ±1 SEM. 
Listening effort versus listening fatigue 
 While there was no overall change in reaction time after the listening fatigue, the 
subjects showed a significant effect of signal to noise ratio. More specifically, the mean 
reaction time at +5 dB SNR (more difficult condition) was 52 msecs longer than the 
reaction time at +10 dB SNR. This finding is in agreement with several other studies 
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incorporating different signal to noise ratios (Sarampalis et al., 2009; Houben et al., 2013; 
Goesselin and Gagne, 2010; Hornsby, 2013) and reverberation (Picou et al., 2015). 
 As the signal to noise ratio worsens (for example changing from +10 to +5 dB), it 
becomes more difficult to understand speech. Correspondingly, the worsening of signal 
to noise ratio can be thought of as an increase in listening effort.  
 
 
Figure 8. Illustration of listening effort versus listening fatigue using figure 3. 
 
Effectiveness of the fatigue inducing condition 
 It is possible that the 30-minute of listening at -2 dB SNR and the immediate recall 
of the gist of the connected sentences used in this study to induce listening fatigue was not 
effective. We evaluated the effect of the fatigue inducing condition by analyzing the 
subjective questionnaire. Specifically, questions 4 (how well can you maintain your focus 
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and attention right now) and 5 (how mentally/physically drained are you right now) 
addressed the issue of listening fatigue. All participants indicated a higher level of fatigue 
rating on both the questions after the 30-minute listening task. Hornsby (2013) also 
reported that a 30-45 minute dual task paradigm resulted in longer reaction times indicating 
increased fatigue.  
 The thirty minute duration for the listening task was determined after a pilot study 
by Hulvey et al., 2015, which asked young normal hearing listeners to rate their level of 
fatigue listening to connected speech at -5,-3,-2,-1, and 0 dB SNRs. During the listening 
task, the participants in the study were asked to write down the subject of the story they 
heard and rate their level of listening fatigue before and after thirty minutes of listening. 
After analyzing the transcripts and subjective report of fatigue, it was determined that 
connected speech at -2dB SNR was the right balance between difficult to understand but 
not unintelligible. The same pilot subjects reported that 30 minutes was adequate to 
introduce listening fatigue.  
 It is possible that a longer duration of listening might be able to induce a change in 
reaction time. A follow-up study on employees working at a noisy power plant is currently 
underway.  
Subjective rating of listening fatigue 
Subjective rating scales can be used as direct measure of a subject’s self-reported 
level of fatigue. Johnson et al. (2015) evaluated clinical applicability of subjective rating 
versus word recall task as a measure of listening effort. They concluded that the 
subjective rating method was more sensitive in measuring listening effort. In our study, 
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the participants reported significantly higher level of fatigue in the post test. This finding 
is consistent with the fact hearing impaired listeners complain about listening fatigue at 
the end of the work day but their speech recognition does not show comparable changes. 
The questionnaire in this study was adapted from Hornsby (2013). Though Hornsby 
(2013) did not use a before and after comparison following a fatigue inducing task, the 
final reported level of fatigue in the present study is comparable to that of Hornsby 
(2013).  
 Subjective rating scares are useful tools to assess listening fatigue because they 
are quick to complete and are clinically feasible. When using subjective scales it must be 
taken into account that there can be a large variability in listener bias. Individuals can 
perceive listening effort and how much effort they exerted differently this would correlate 
to differences in how they report their amount of fatigue. Another inherent bias that is 
problematic with subjective rating scales is how the individual perceives the instructions 
given to them.  Subjective measures can be extremely sensitive to subtle changes in 
instruction or how they are explained. It is necessary to use a subjective measure in 
association to supplement an objective measure to help rule out some bias and have a 
second verification tool. Based on the results from this study, it is inconclusive if reaction 
time measured in a simple task in the presence of background noise can be that 
supplementing objective measure. The small subset of stimuli consisting of final 
consonants did reveal a significant difference for pre and post reaction time and appears 
promising and needs further investigation.  
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Limitations of the current study 
 One of the major limitations of this study is that we only included young, normal 
hearing, college students who are assumingly adept at multitasking. Gosselin and Gagne 
(2011) reported that older adults exert more listening effort than young normal hearing 
adults while listening to speech in noise. Since these findings from the present study can 
only be generalized to younger listeners, it is necessary to repeat this study with older 
individuals. Older individuals constitute a large proportion of hearing aid users therefore 
the study should be replicated to determine if listening fatigue can be induced at different 
signal to noise ratios.  
 As previously discussed, it is possible that the 30 minute task was not enough to 
introduce enough fatigue that would result a significant change in reaction time. An 
increase in the duration of the task could deter subjects from completing the study. It’s 
recommended that the study can be repeated with a subject population that works in loud, 
noisy, environments requiring frequency oral communication such as factory workers, 
cafeteria workers, and on-duty police officers. However another factor to control for this 
potential study would be the varying noise level, and how long the subjects are exposed 
to the noise in their noisy environments. To control for this issue, during the work day, 
subjects could wear a noise dosimeter or hearing aid users’ data logging feature to record 
the type of acoustic noise environment the subject is exposed to and what duration they 
spend in the noisy environments.
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APPENDIX A 
List of nonsense syllables used as stimuli in this study 
 
1. oth 
2. ahf 
3. ahs 
4. off 
5. osh 
6. oof 
7. oot 
8. ooth 
9. eet 
10. eef 
11. ok 
12. ahv 
13. ees 
14. aht 
15. op 
16. eesh 
17. oop 
18. ahp 
19. eep 
20. ath 
21. eek 
22. ang 
23. ot 
24. oss 
25. azz 
26. oos 
27. ahd 
28. ahb 
29. ash 
30. eeth 
31. ahm 
32. ahk 
33. oosh 
34. ook 
35. ahg 
36. dha 
37. faa 
38. laa 
39. saa 
40. cha 
41. zaa 
42. baa 
43. daa 
44. taa 
45. raa 
46. gaa 
47. vaa 
48. baa 
49. maa 
50. haa 
51. sha 
52. waa 
53. daa 
54. yaa 
55. gaa 
56. kaa 
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APPENDIX B: Raw data subjects 1-10 at +5 SNR pre fatigue 
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APPENDIX B continued: Raw data subjects 11-20 at +5 SNR pre fatigue 
 
35 
 
 
 
APPENDIX C: Raw data subjects 1-10 at +5 SNR post fatigue 
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APPENDIX C continued: Raw data subjects 11-20 at +5 SNR post fatigue 
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APPENDIX D: Raw data subjects 1-10 at +10 SNR pre fatigue 
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APPENDIX D continued: Raw data subjects 11-20 at +10 SNR pre fatigue 
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APPENDIX E: Raw data subjects 1-10 at +10 SNR post fatigue 
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APPENDIX E continued: Raw data subjects 11-20 at +10 SNR post fatigue 
 
41 
 
 
 
APPENDIX F: Subjective rating raw data 
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